responses could be further subdivided. Moreover, pathogens can elicit "mixed" responses, which may reflect the aforementioned unrecognized response types, previous history of encounter with pathogens, and complex three-way interactions with pathogen and commensal microbiota. Finally, "polyfunctional" T cell responses might also be explained by a need for a protective inflammatory response to ensure not only pathogen containment, but also disposal of the damaged tissue and its repair.
Upon pathogen challenge, signals provided by innate immune cells in the form of peptide-MHC complexes and costimulatory molecules as well as cytokines induce expression of lineage-specifying transcription factors in T cells that facilitate acquisition of a characteristic gene signature supporting distinct effector, homing, and homeostatic modalities. Cytokine sensing constitutes a major skewing determinant in this process; cytokine receptors work by phosphorylating members of the STAT protein family that are latent transcription factors normally resident in the cytoplasm. Activated STAT proteins undergo nuclear translocation and modulate gene expression. Cytokine-mediated STAT activation drives the expression of lineage-defining factors: T-bet during Th1 differentiation, Gata3 during Th2 differentiation, and orphan nuclear receptor RORγt during Th17 cell differentiation. This mechanism couples microenvironment sensing with effector T cell fate decision. Distinct combinations of cytokine-STAT-Th signature transcription factors have been implicated in differentiation of each T cell lineage, and paucity in any of these molecules results in impaired differentiation of the corresponding Th effector type (2) .
As we noted above, the "canalization" of the effector immune responses is explained by the ability of Th cell subsets to support feed-forward loops driving a distinct type of protective immune response. For example, obligate intracellular bacteria or viruses trigger innate immune cell production of IFN-γ and IL-12, which ultimately leads to activation of T-bet that directs Th1 cell generation. Production of IFN-γ by Th1 cells that augments activation of IFN-γ-and IL-12-producing innate immune cells as well as differentiation of CD8 + T cells into effector CTLs (3). Likewise, production of IL-4 by innate cells triggered in response to parasitic worms activates the Stat6-Gata3 axis-dependent differentiation of Th2 cells, which in turn secrete IL-4, IL-5, and IL-13, cytokines that further mobilize innate immune cells, such as eosinophils and basophils and IgE production by B cells required for effective parasite expulsion (4-6).
Optimal generation of Th17 cells, abundant at mucosal surfaces of the gastrointestinal tract, is dependent on synergistic action of Stat3-activating cytokines IL-6, IL-21, and IL-23 with TGF-β to trigger RORγt expression (7, 8) . Th17 cell differentiation can be initiated upon recognition of infected apoptotic T cells and is substantially affected by the composition of the intestinal microbiota whose products act on intestinal dendritic cells (9, 10) . IL-17, IL-22, and IL-21 secreted by Th17 cells mobilize neutrophils and act on epithelial cells, potentiating synthesis of anti-microbial peptides as well as tissue remodeling and repair (11, 12) . In addition, Th17 cells can also facilitate B cell responses (13) . Furthermore, a Th17-related cell type, so-called Th22 cells producing IL-22, yet lacking IL-17, is found in skin in both mice and humans and is particularly prominent in psoriatic lesions (14) (15) (16) . IL-22 production is critically dependent on transcriptional activity of another nuclear receptor, aryl hydrocarbon receptor (AHR) (17) . Besides these effector T cell types, a distinct subset of IL-21 producing follicular T helper (Tfh) cells, whose differentiation is dependent upon transcription factor Bcl6, supports germinal center B cell class-switch recombination (18) .
In addition to Th1-, Th2-, or Th17-mediated inflammation induced upon exposure to commensal microorganisms, pathogens, or their products, noninfectious tissue injury such as ischemia results in sterile inflammation associated with both myeloid and lymphoid cell recruitment and activation. This pathway serves to promote tissue repair and restoration and to prevent infection of the affected tissue by opportunistic pathogens (1) . Alterations in cellular physiology and function due to disturbance in metabolic balance, stress response to a variety of stimuli, autoimmune disorders, and cancerous lesions result in inflammation whose physiological role is to restore tissue homeostasis. However, the molecular sensors and the signaling cascades capable of detecting and responding to sterile inflammation are not well understood.
Although inflammation represents a powerful mechanism for controlling infection and maintaining normal tissue function, it can have severe deleterious effects if left unrestrained. Uncontrolled activation or impaired dampening of inflammatory responses during the resolution phase can result in permanent impairment of tissue function and chronic inflammation; unchecked Th1 and Th17 responses underlie several chronic autoimmune and inflammatory disorders including colitis, multiple sclerosis, psoriasis, rheumatoid arthritis, and inflammatory bowel disease (IBD), and dysregulated Th2 responses are involved in asthma and atopy (2) . Multiple regulatory circuits acting as cell-intrinsic negative feedbacks of signaling pathways, soluble mediators operating in a paracrine and autocrine manner, and suppression mediated by Tregs restrain a wide spectrum of inflammatory responses and sustain homeostasis at tissue and organismal levels.
Treg-mediated control of inflammatory responses
Tregs, specified by the expression of transcription factor Foxp3, are dedicated to the task of restraining activation and responses of both innate and adaptive immune cells. In line with the central role of Tregs in immune homeostasis, deletion or loss-of-function mutations in the Foxp3 gene result in multiorgan autoimmune disorder in both humans and mice (19) (20) (21) . The spontaneous deregulation of diverse types of inflammatory responses in Foxp3-deficient animals suggests that Tregs are required to maintain normal immune homeostasis. This finding raises a question: are the responses to self-antigens, commensal microorganisms, and pathogens controlled by Tregs via a universal mechanism of suppression, or do these cells utilize modular programs of suppression tailored to control distinct kinds of inflammatory responses?
Tregs express a diverse range of cell surface and secreted molecules capable of suppression (e.g., CTLA-4, TGF-β, IL-10, TIGIT, CD39, CD73, and granzymes). Some studies suggest that Tregs could control effector T cells by acting on dendritic cells, by inducing direct cytolysis of activated cells, or by serving as a cytokine sink, thereby arresting proliferation of immune effector cells (22) . Although these effector mechanisms taken in isolation can afford a certain degree of immunomodulation, recent studies strongly imply that none of these mechanisms can singly account for Tregmediated immune regulation. For example, selective deficiency in IL-10 production in Tregs results in increased inflammatory responses in mucosal surfaces and skin, but not in systemic widespread inflammatory lesions (23) . In fact, as we describe below, recent work suggests that Tregs employ distinct suppression mechanisms depending on the context as well as the location of inflammatory response.
The notion that Tregs adapt their suppression program to a particular inflammatory milieu is based on functional studies of transcription factors, prominently the members of interferon regulatory factor (IRF) and STAT families, which are activated by defined environmental cues. IRF4, a transcription factor required for Th2 and Th17 differentiation, is directly regulated by Foxp3 and is thus highly expressed by Tregs. Conditional ablation of IRF4 in Tregs revealed a selective dysregulation of unprovoked autoreactive Th2 responses characterized by increased production of Th2 cytokines, IL-4-dependent Ig isotype class switching, and pronounced plasma cell generation and accumulation in target tissues. Furthermore, IRF4 was found to associate with Foxp3, and this interaction resulted in cooperative regulation of gene expression (24) . One of the molecules targeted by this Foxp3-IRF4 complex was inducible T cell costimulator (ICOS), which has been previously shown to be required for differentiation on Th2 cells (25) . Moreover, expression of certain signature Th2 genes, such as c-maf, CCR9 and IL-33 receptor (T1/ST2), was diminished in IRF4-deficient Tregs. These results suggest that IRF4 might be involved in regulation of a transcriptional module shared by both Th2 and Tregs. Recruitment of IRF4 by Foxp3 probably modifies this module to facilitate suppression of Th2 responses (24) . In addition, IRF4 and BLIMP-1 were proposed to facilitate generation of Treg effector cells (26) . Recent studies have also implicated Gata-3 in regulation of Foxp3 expression, Treg homeostasis at sites of inflammation, and control of Th2 inflammation at mucosal sites (27) (28) (29) .
Similarly, Treg-specific ablation of Stat3, a key transcription factor for Th17 cell differentiation, led to uncontrolled Th17 cell responses (30) . Analogous to IRF4, upon activation, Stat3 binds to Foxp3, and this interaction modulates gene expression. Tregs lacking Stat3 show decreased expression of cytokine receptors known to be involved in Th17 cell differentiation such as IL-6R and IL-1R (31) . This lower expression of IL-6R and IL-1R suggests that, akin to IL-2, Tregs might be modulating Th17 development by acting as a sink for IL-6 and IL-1. Furthermore, Stat3-deficient Tregs produce factors such as TGF-β1 and IL-6 that can drive Th17 differentiation and display lower levels of CCR6, a chemokine receptor required for migration to sites of Th17 inflammation. Taken together, these defects suggest that Stat3 can control multiple facets of Treg-mediated suppression of Th17 responses, and therefore further analysis of gene targets that are coregulated by Stat3 and Foxp3 would be very informative.
Furthermore, expression of T-bet in Tregs enables them to migrate and proliferate as well as accumulate at the sites of Th1 responses, and Tregs lacking T-bet expression were selectively impaired in regulation of Th1, but not Th2 or Th17, responses (32) . However, unlike in IRF4 or Stat3 deficiency, chimeric mice harboring T-bet-deficient Tregs did not show spontaneous immune-mediated inflammation, and the defect is only uncovered upon challenge with agents capable of triggering Th1 responses and under conditions that require Treg expansion.
This symmetrical mechanistic requirement for elaboration of a particular immune effector function and its suppression has been also extended to Treg-mediated control of Tfh cells in three studies, which suggests that increased Bcl6 expression in Tregs allows them to enter germinal centers and to control bystander, presumably self-reactive, antibody responses (33) (34) (35) . Recent studies showed an additional mode of T cell activation in response to a combination of IL-4 and TGF-β, leading to generation of Th2-related IL-9-producing CD4 + T (Th9) cells, which have been associated with several immune-mediated allergic pathologies. The development of Th9 cells depends on expression of transcription factors IRF4 and PU.1, and it remains to be seen whether Tregs exhibit a similar transcription factor(s) requirement and specialized suppressor mechanisms to control them (refs. 36, 37 and Figure 1) .
Together, these results suggest that Tregs exposed to distinct inflammatory environments exhibit heterogeneity resulting from activation of some of the same transcriptional regulators that facilitate responses of immune effector cells. Whether effector CD4 + T cell-specific transcription factors allow Tregs to be equipped with selective migration properties and support their survival in a particular environment or strengthen certain Treg suppression capacities specialized for the corresponding type of immune responses -or both -remains unclear. Nonetheless, these findings strongly support the concept of symmetry in the integration of environmental cues by Tregs and immune effector cells.
The role of cytokines in Treg function
The signals that trigger lineage-specific suppression programs have not been fully elucidated. Stat3 is activated downstream of proinflammatory cytokines IL-6, IL-21, and IL-23, which play a crucial role in Th17 cell differentiation and response, as well as IL-10, known to restrain Th17 cell-mediated inflammation. We recently demonstrated that Treg suppression of Th17 responses is dependent on sensing antiinflammatory cues dependent on IL-10 (38). Several different cell types, including T cells upon activation, are known to produce IL-10 (39). These findings imply that in this context, Tregs work as amplifiers of negative regulators elicited by immune effector cells rather than using negative feedback regulation induced by an inflammatory environment. Thus, in analogy with augmentation of effector immune responses by distinct types of Th cells, Tregs act as amplifiers of negative regulatory circuits of immune effector cells to restrain Th17 cell-mediated inflammation.
In These results suggest that multiple signaling pathways, such as those triggered by IFN-γR, may be responsible for activation of T-bet in Tregs in secondary lymphoid organs. However, at mucosal sites, IL-27, but not IFN-γ, plays a major role in induction of CXCR3 and T-bet as well as IL-10 in Tregs and allows them to limit inflammatory Th1 responses at local sites (41) .
The cytokine signals that enable Tregs to suppress Th2 responses are unknown. The expression of IRF4, requisite for Treg-mediated restraint of Th2-dependent inflammation, is regulated by TCR as well as by Foxp3 (24, 42) . Although other extracellular factors contributing to IRF4 activation are unknown, IL-1 family members and Th2-related cytokines are potential candidates; it was suggested that IL-1 facilitates IRF4 induction during Th17 differentiation, whereas IL-4 induces IRF4 expression during alternate activation of macrophages (43) . Further elucidation of cytokines affecting suppressive capacity of Tregs will help to settle this issue.
Although expression of Bcl6 in Tfh cells is thought to be dependent on Stat3 activation downstream of IL-6 and IL-21 (18), it is not clear whether Bcl6 expression in Tregs is dependent on the same cues. Even though loss of Stat3 in Tregs led to dysregulation of Th17 responses, in that setting, Stat3 activation was primarily downstream of IL-10R. It is conceivable that in the context of IL-6 and IL-21 signaling, Stat3 activation in Tregs may lead to Bcl6 upregulation. As Th17 cells can also augment B cell responses (13) , a careful analysis is needed to determine whether Stat3-deficient Tregs are impaired in ability to directly control Tfh responses.
Control of sterile inflammation by Tregs
The concept that inflammation triggers symmetrical activation of factors in effector T cells and Tregs can be further expanded to different tissue environments; it is easily conceivable that nonimmune tissue-or cell type-specific transcription factors might also be expressed in and have impact on Tregs present in a given tissue, supporting their ability to maintain local homeostasis.
Key evidence in support of this idea came from the identification of a subset of Tregs present in abdominal fat and their role in controlling metabolic inflammation (44) . Metabolic disorders such as obesity are often accompanied by low-grade chronic inflammation in the adipose tissue. Recent work demonstrated that Tregs are highly enriched in visceral adipose tissue and their frequency was markedly reduced in several experimental models of obesity, suggesting that antiinflammatory properties of Tregs may feature prominently in control of metabolic syndromes. In contrast to Tregs found in secondary lymphoid organs or other nonlymphoid tissues, fat-resident Tregs were unique in their expression of high levels of an adipocyte lineage transcription factor PPARγ (45) . In support of the aforementioned hypothesis, gene expression profiling of these fat-resident Tregs revealed distinct features that mirrored their anatomical location. PPARγ was shown to play an essential role in fat-resident Treg homeostasis and possibly function; PPARγ deficiency in Tregs was associated with a metabolic syndrome resembling type II diabetes, implicating fat-resident Tregs in control of metabolic inflammation. In fact, therapeutic agents such as pioglitazone, which are known to improve several metabolic parameters in obese animals and humans and work as PPARγ agonists, act via modulation of the adipose tissue-resident Treg population (45) . Hence, it is plausible that additional tissuespecific transcription factors could also play an important role in regulating Treg function in defined tissue settings.
Stability/plasticity of Tregs
Since Foxp3 plays a fundamental role in differentiation, homeostasis, and maintenance of suppressor function of Tregs, continued expression of Foxp3 is central to Treg lineage identity. This notion is supported by experiments in which ablation of Foxp3 in fully differentiated Tregs resulted in a loss of their ability to suppress and in acquisition of immune effector function by "former" Tregs, i.e., production of immune effector cytokines and ability to cause tissue pathology upon transfer into lymphopenic recipients (46) . Several reports have indicated that Tregs exhibit marked instability and lose Foxp3 expression under conditions of inflammation and lymphopenia as well as upon vaccination with TLR ligandcontaining adjuvants (47, 48) . Furthermore, these "ex-Tregs" may convert to pathogenic effector cells and potentially initiate deleterious autoimmune responses. However, these views have been challenged by studies showing that Tregs represent a stable lineage and are capable of maintaining identity even under a variety of inflammatory conditions (49, 50) . Considering ongoing efforts to employ adoptive Treg transfers as a therapy in solid organ transplant patients and in bone marrow transplant patients suffering from graft-versus-host disease (GVHD) (51), the issue of stability of Treg lineage is of considerable practical importance. These disparate findings can be potentially reconciled by envisioning a scenario wherein the observed "plasticity" of Foxp3 expression, instead of reflecting lineage reprogramming in fully differentiated Tregs, is due to the presence of a minor population of recently generated Tregs passing through a transient state of unstable Foxp3 expression. Nevertheless, the ability of inflammatory and tissue environments to alter transcriptional and functional properties of Tregs due to upregulation or activation of transcription factors, which promote effector cytokine responses in conventional T cells, raises a question as to whether in inflammatory settings some Tregs acquire pathogenic potential regardless of Foxp3 loss. For instance, under conditions of acute toxoplasma infection as well as in cases of skin graft, Tregs gain the ability to produce IFN-γ without loss of Foxp3 expression (52, 53) . Furthermore, the presence of Foxp3 + RORγt + Tregs that produce IL-17 has been observed in both humans and mice (54, 55) . Whether cytokines produced by these Tregs have a regulatory role or show an inflammatory function by activating and recruiting other immune cells is currently unclear.
Overriding inhibitions: the molecular view As STAT family members play an important functional role in Tregs, their expression and activation state needs to be tightly controlled. While suboptimal Stat expression in Tregs leads to deleterious consequences, aberrant or supraoptimal Stat expression might trigger transcriptional programs that promote inflammatory responses rather than suppression. In this regard, not only loss of Stat1, but also its heightened expression or uncontrolled activation in Tregs due to a loss of miR-146a or SOCS1, respectively, can result in Th1-dependent immunemediated pathology (56) . In addition to a sharp increase in IFN-γ-producing effector T cells, SOCS1-or miR-146a-deficient Tregs also produced IFN-γ. These results suggest that inflammation sensing in Tregs is tuneable rather than biphasic. It seems likely that excessive activation of STAT family members in Tregs might overcome repression of cytokine genes by Foxp3, leading to acquisition of effector properties, and could negatively affect the set of genes required for suppressor function. These observations suggest a general model of integration of environmental cues by Tregs in which specialized Treg suppression programs are established in dynamically changing inflammatory environments by maintaining an optimal threshold of activation of transcription factors downstream of cytokine receptors crucial for the regulation of corresponding type of immune responses (Figure 2 ).
